This paper reports an analysis on the relationship between the tilt of the proof mass in MEMS switch and the chattering phenomena. Low-g MEMS acceleration switch developed by Kim's group was modelled in 2D and displacements of each end of the proof mass were analysed using RK 4th method. Some elementary assumptions were made to ease the modelling and analysis. The chattering time of the MEMS switch gets longer as the tilt of the proof mass increases. The reason is that the elongated travel distance of one end of proof mass increases the impact velocity and lengthens the bouncing back time. From the results, we found that the chattering phenomena can last very long even if the tilt of the proof mass is very small.
Introduction
MEMS (micro electromechanical systems) devices are currently studied to be applied in missile systems due to their extremely small size and low power consumption [1] [2] [3] [4] . MEMS acceleration switch turns on at the threshold acceleration, thus it can work as the ignition safety condition for the AFDs (Arm Fire Device) in the missile systems [3] . The cold launch missiles which the main motor ignites after ejection, and the multi-stage rocket motors can prevent unexpected ignition if they use the acceleration signal as a safety condition. The proof mass of low-g MEMS acceleration switch developed by Kim's group (Figure 1 ) [5] moves in the z-direction to minimize the installation error. However, when using a MEMS acceleration switch in missiles, noise forces would act in the offaxis directions. These off-axis forces tilt the posture of the proof mass and destabilize the operation of the switch. As far as we know, the relation between the tilt of the proof mass and chattering was never been explored before. Thus, we need a proper interpretation to expect how long the chattering would last due to the tilt of the proof mass.
Analysis Methods
For analysis, we set up the situation where the proof mass is tilted due to the arbitrary off-axis force and moves down at the tilted posture. To ease the analysis, three assumptions were made as follows. (1) The tilt of the proof mass does not affect the spring constant and damping coefficient.
(2) Bouncing of one end of the proof mass hardly disturb the movement of the other. (3) The proof mass is not deformed during contact. The low-g MEMS acceleration switch was modelled in 2D as shown in Figure 2 . The chattering phenomena was checked by the movements of two end points of the proof mass ( , ), which were numerically acquired using Runge-Kutta 4th order method (Equation (1)) [6] . (1) Table 1 shows the values used in the numerical analysis. Those values are from the original design of the low-g MEMS acceleration switch [5] and the input force was set to 12 g (g is the gravitational acceleration). 
Results
The chattering displacements depending on time for different tilted degrees of the proof mass was calculated in Figure 3 . The tilted degree of proof mass is from the difference of vertical heights between the center ( ) and ends ( , ) of the proof mass. Three different vertical heights of 1 μm, 2 μm, and 3 μm were analysed. In Figure 3 , the vertical heights are (a) 1 μm, (b) 2 μm, and (c) 3 μm, respectively. When the vertical height increases from 1 μm to 3 μm, the bouncing distance increases from 1.9 μm to 4.2 μm and the bouncing back time increases from 1.15 ms to 1.62 ms. In this analysis, the larger the vertical heights difference between the center ( ) and ends ( , ) of the proof mass has the longer bouncing distance and bouncing back time.
(a) (b) (c) Figure 3 . Analysed displacement of (black square), (red circle), and (blue triangle). Each graph shows the result of vertical heights difference ( − ) of (a) 1 μm, (b) 2 μm, and (c) 3 μm, respectively.
We also analysed the chattering phenomena for the change of the coefficients of restitution (CoR). Figure 4 shows the displacement of depending on time for three different CoRs: 0.1, 0.2 and 0.3. In the case that the CoR is 0.1, the proof mass showed no bouncing due to not enough impact velocity. In the case that the CoRs are 0.3 and 0.5, the first bouncing back times of two different CoRs are same as 1.41 ms. However, when the CoR is 0.5, the proof mass makes another bouncing back. Of course, the bouncing back time gradually decreases as the number of bouncing adds. In this analysis, we can conclude that the CoR doesn't affect the bouncing back time but affect the number of bouncing.
Discussion
The more the proof mass is tilted, the longer chattering (both time and distance) continues. This is because the upper-tilted end of proof mass gains more velocity before the impact (i.e., contact) and takes more time and more distance to bounce back when the proof mass is tilted more. As the coefficient of restitution increases, the bouncing back distance also increases due to higher impact velocity. However, the increase of the CoR does not affect the bouncing back time but affect the number of bouncing back. From the results, the bouncing back velocity of the proof mass can be the main factor which decides the chattering phenomena. To reduce the chattering phenomena, it is important to reduce the impact velocity of the proof mass. Thus, to minimize the chattering phenomena, we can install an elastic structure below the edges of the proof mass to lower the impact of the proof mass at the contact, thus the bouncing back velocity.
Conclusions
We studied the chattering phenomena by the tilt of the proof mass of MEMS acceleration switch using numerical analysis. As the tilt of the proof mass becomes large, the chattering time and chattering distance also increases. The coefficient of restitution (CoR) also affects the chattering distance but it does not affect the bouncing back time. The chattering phenomena highly depends on the impact velocity of the proof mass and installing an elastic structure below the edges of the proof mass will help to minimize the chattering phenomena.
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